Context: Somatic mutations in the ubiquitin-specific protease 8 (USP8) gene have been recently identified as the most common genetic alteration in patients with Cushing disease (CD). However, the frequency of these mutations in the pediatric population has not been extensively assessed.
A s in adults, adrenocorticotropic hormone (ACTH)-producing pituitary adenomas are the most common cause of endogenous hypercortisolemia in children, especially after the age of 7 years (1, 2). Childhood Cushing disease (CD) is characterized by deceleration of the growth velocity with concomitant weight gain, along with other classic clinical features of CD (skin changes such as facial plethora, striae, acne, hirsutism, and easy bruising, disturbed mood, decreased bone mineral density, myopathy, and weakness) (3) (4) (5) . The treatment of choice for CD is transsphenoidal surgical resection (TSS) of the pituitary adenoma, with a success rate of 65% to .95%, depending on the treatment center (6) (7) (8) . Patients with recurrence or failure to cure may be treated with repeat surgery, radiation, or medications (ketoconazole, metyrapone, mifepristone, or pasireotide).
The molecular background of the corticotroph adenomas has been largely unknown until recently. Mutations in genes that cause syndromes associated with pituitary adenomas, such as multiple endocrine neoplasia type 1 (MEN1), multiple endocrine neoplasia type 4 (CDKN1B), familial isolated pituitary adenoma (AIP), McCune-Albright syndrome (GNAS1), Carney complex (PRKAR1A), pituitary adenoma with paraganglioma and pheochromocytoma [3PAs-collectively the succinate dehydrogenase complex, subunits A, B, C and D genes (SDHx), and pituitary blastoma (DICER1), do not account for the majority of the corticotropinomas (9) (10) (11) .
A recent study by Reincke et al. reported that somatic mutations of the ubiquitin-specific protease 8 (USP8; Ensembl: ENSG00000138592) gene are found in 40% of corticotroph adenomas (12) . The USP8 gene codes for a protein with deubiquitinase activity that inhibits the lysosomal degradation of the epidermal growth factor receptor (EGFR) (13) . The gain-of-function somatic mutations impair binding of the inhibitory 14-3-3 proteins, resulting in increased deubiquitination of EGFR and induction of proopiomelanocortin (POMC) transcription and ACTH secretion (12) .
The detection of somatic USP8 gene mutations in corticotroph adenomas has been replicated by other groups, but only one study included pediatric patients (14, 15) . A possibly lower frequency of this genetic defect in the pediatric population (17%) was suggested, but because of the small number of identified pediatric patients, their clinical and biochemical profile was not described separately from the adult population (15) . We have enlarged this population, included the previously studied subgroup, and analyzed the frequency of somatic USP8 gene mutations in the largest cohort of pediatric patients with CD available to date.
Subjects and Methods

Subjects
We screened our cohort of pediatric patients with pathologically confirmed corticotroph adenomas who presented at the National Institutes of Health (NIH) Clinical Research Center between 1997 and 2015, to identify patients with CD who had undergone TSS and for whom germline DNA and tissue from the resected tumor were available for further studies. Of the 139 pediatric patients who were diagnosed with and treated for CD at the NIH during this time, we identified 42 patients for whom both blood and tumor samples were available for molecular studies. Twenty-four of the study subjects were part of the original cohort published by Perez-Rivas et al. (15) . Their data have never before been analyzed separately. In addition, one patient was sequenced at the germline level in a previous study (16) . For the patients who underwent repeat TSS for relapse of CD, we had available tumor samples only from one surgical intervention, and for that reason we were not able to compare the genetic profile of the initial and relapsed tumor.
The diagnosis of CD was based on previously described criteria based on elevated levels of urinary free cortisol (UFC) and midnight serum cortisol level (9) . ACTH-dependent CD was further confirmed by basal plasma ACTH .30 pg/mL, suppression of serum cortisol .69% during a high-dose dexamethasone suppression test (dose: 120 mg/kg, maximum 8 mg), and increase of ACTH and cortisol levels by .35% and 20% compared with baseline, respectively, after corticotropinreleasing hormone administration (corticotropin-releasing hormone test). All patients underwent magnetic resonance imaging of the pituitary, and if a tumor was not visible on magnetic resonance imaging, bilateral inferior petrosal sinus sampling was performed. They all underwent TSS performed by a neurosurgeon with expertise in pituitary disorders, and ACTH-producing tumor was confirmed histologically after resection. Sociodemographic, clinical, imaging, and biochemical data before and after surgery were collected for all patients.
The Eunice Kennedy Shriver National Institute of Child Health and Human Development Institutional Review Board approved this study. Written informed consent from the parents and assent from the minor patients were obtained at the time of the first visit (protocol 1997-CH-0076).
USP8 sequence analysis in peripheral and tumor DNA samples DNA was extracted from peripheral blood leukocytes and from microdissected tumor tissues with the Quick-DNA™ Universal Kit, according to manufacturer protocols (Zymo, Irvine, CA). For the 24 patients who were previously included in the study by Perez-Rivas et al. (Supplemental Table 1 ), repeat DNA extraction was performed from microdissected sections of the tumor after confirmation that they originated from the adenoma (diffuse staining for ACTH, with breakdown of the reticulin) and not from the adjacent normal pituitary. The complete USP8 coding sequence of these blood and tumor samples was analyzed either by bidirectional Sanger sequencing (5 patients) or with whole exome sequencing (37 patients). All the variants identified by whole exome sequencing were confirmed with Sanger sequencing.
Fourteen patients, from the original cohort of 139 patients, were previously sequenced by Sanger sequencing for known genes related to CD (including MEN1, AIP, PRKAR1A, CDKN1B, and CDKN2C) (16) . Of those 14 patients, just 1 had resected tissue available and was included in this study. This patient was positive for a MEN1 mutation (p.Arg4158) (16) (Supplemental Table 1 ). Sanger sequencing for candidate pituitary tumor-causing genes was not performed for the remaining patients. However, all 41 remaining patients included in this manuscript are part of an ongoing whole exome sequencing project, and they are negative for mutations in the aforementioned known genes and other known candidate genes (data not shown). Part of these data were recently published (17, 18) Immunohistochemistry Pituitary tissues from one patient bearing the USP8 mutation p.Ser718Pro and one patient with no USP8 mutation were used for immunostaining. The tissues were obtained during surgery, fixed in formalin, and embedded in paraffin, and sections (5 mm) were mounted onto 3-aminopropyl-triethoxylasine coated slides (Sigma Chemical Co., St. Louis, MO). Routine staining with hematoxylin and eosin (Histoserv Inc, Germantown, MD) was performed on several sections across each sample. Unstained slides were used for immunostaining as follows: paraffin-embedded tumor slides were deparaffinized with Histoclear (National Diagnostics, Atlanta, GA) and rehydrated with ethanol gradient. The epitopes were retrieved by boiling for 20 minutes in Antigen Unmasking Solution (pH 6; Vector Laboratories, Burlingame, CA). For double coimmunofluorescence with ACTH and USP8, USP8 was visualized with rabbit anti-USP8 (sc-376130; Santa Cruz Biotechnology, Dallas, TX), which was detected with antirabbit secondary antibody coupled to biotin (1:500; Jackson ImmunoResearch, West Grove, PA). Biotin was complexed with streptavidin peroxidase conjugate (1:500; Jackson ImmunoResearch), and horseradish peroxidase activity was detected with TSA-Alexa 488 fluorescently labeled horseradish peroxidase conjugate (Molecular Probes, Eugene, OR). After this, rabbit anti-ACTH 
Results
Patient characteristics
In our cohort of 42 patients, there was a predominance of female patients (27 vs 15) , with a mean age at diagnosis of 13.7 6 3.4 years and an average duration of symptoms before diagnosis of 2.1 6 1.5 years. The mean midnight serum cortisol and 24-hour UFC levels were 18.9 6 13.5 mg/dL and 446 6 610 mg/24 hours, respectively. The mean size of the identified pituitary adenomas was 6.2 6 6.0 mm, and 4 of the 42 patients (9.5%) presented with evidence of cavernous sinus invasion (Table 1) .
Postoperative follow-up was available in 35 patients (73.8%), with mean follow-up of 34.7 6 37.9 months and median follow-up of 17 months. Thirty-eight of the patients (90.4%) achieved remission after surgery. Of the 4 patients who did not achieve remission after surgery, 1 underwent sellar radiation therapy, 2 were managed with ketoconazole, and 1 underwent both sellar radiation and Table 2 ).
Frequency of USP8 gene mutations
We identified five different somatic mutations ( Fig. 1 ) in 13 patients, resulting in a frequency of 31% in our cohort. All the mutations were heterozygous, and they were all located in exon 14 of the USP8 gene. They consisted of three missense mutations (p.Ser718Pro-rs672601307, p.Ser718Cys-rs672601308, p.Pro720Arg-rs672601311) and two deletions of 1 (p.Ser718del) and 6 (p.Ser719_724del) amino acids. All these mutations are located at the hotspot of the gene at the 14-3-3 binding motif ( Fig. 1)  (12, 14, 15) . None of the germline DNA samples were found to have USP8 hotspot mutations.
Clinical and biochemical characteristics of the patients with somatic USP8 mutations
Patients harboring somatic USP8 gene mutations had a later mean age at diagnosis of 15.1 6 2.1 years, compared with 13.1 6 3.6 years for those without USP8 mutations (P = 0.03). They also had lower body mass index (BMI) z scores, with fewer patients having a BMI z score .2 SD above the mean (38.5% vs 75.9%; P = 0.02), whereas the height z score was similar in the two groups ( Table 2) .
The biochemical profile of the two groups was similar, with no differences in the level of midnight serum cortisol, UFC, or ACTH before treatment. The size of the identified tumors was not significantly different in patients with USP8 mutations compared with the patients without USP8 mutations (diameter 8.0 6 7.0 mm vs 5.4 6 5.4 mm, respectively; P = 0.2), and the adenoma volumes were comparable in the two groups (200 6 234 mm 3 vs 191 6 186 mm 3 ; P = 0.9). There was also no significant difference in the frequency of invasion of the cavernous sinus between the two groups (15.4% vs 6.9%; P = 0.4).
Outcomes
Of the four patients with initial nonremission after pituitary surgery, one patient harbored a somatic USP8 mutation, and three did not. An analysis of these patients revealed that all patients had large, invasive adenomas with extension to the cavernous sinus and substantial (12) . Interestingly, however, all recurrences after initial remission (n = 5) occurred in tumors harboring somatic USP8 mutations. The proportion of patients with recurrence among those with somatic USP8 mutations was 5 in 13 (38.5%), compared with 0 in the remaining group (0 in 29; P = 0.0015).
Immunohistochemical analysis
To investigate more specifically the effect of one of the somatic mutations detected in our cohort, we analyzed USP8 expression by immunohistochemistry (Fig. 2) . USP8 was exclusively expressed in the cytoplasm of the nonmutant tumors, whereas its expression was more nuclear in the mutated tumors, consistent with findings in previous reports (12, 15) .
Discussion
In this study, we report our experience with the identification of somatic USP8 mutations in pediatric patients seen at the NIH. To our knowledge this is the largest pediatric cohort of patients with CD that has been screened for this genetic defect. A subset of these patients (n = 24) were previously reported in Perez-Rivas et al. (15) ; however, we performed repeat DNA extraction from the resected tissue after confirming that the selected cut of the tissue originated exclusively from the corticotroph adenoma, to exclude the possibility of mixing the tumor DNA sample with DNA from normal cells.
We identified 13 patients with somatic mutations demonstrating a high frequency of USP8 gene defects (31%) in our cohort. This finding is similar to the reported frequency in the adult population (around onethird of all adult patients with CD) and is higher than the low frequency (17%) previously documented in the pediatric patients with CD (12, 14, 15) . A recent study by Ma et al. reported a frequency of somatic mutations in their adult population of #62.5%, suggesting that it is possible that the genetic background of corticotropinomas in children differs from that in adults (14) , although the difference probably lies in the fact that the smaller size of pediatric ACTH-producing pituitary adenomas does not allow for full capture of tumor DNA and permits admixture of DNA from the surrounding normal cells.
Notably, we documented a higher rate of subsequent recurrence of CD in our patients with USP8 mutations. Previous reports suggested that the USP8 mutated tumors are not as aggressive, with higher rates of remission (19) . The demonstration of a higher rate of recurrence in our pediatric population with USP8 defects might suggest that CD in these children may have a different course than that in adults. However, it could also reflect the fact that only larger microadenomas and possibly more aggressive tumors were available for analysis in children with CD.
The comparison of demographic, clinical, and biochemical data of patients with and without USP8 mutations revealed an older age at diagnosis for patients with a USP8 defect in the tumor. Although some previous studies showed that patients with USP8 mutations had different levels of plasma ACTH compared with patients without mutations, this finding was not confirmed in other studies nor by our group; patients with USP8 mutations had lower ACTH levels (Table 2) but the difference was not statistically significant (47.7 6 30.1 vs. 82.2 6 94.3, P = 0.2) (14, 19) . Additionally, conflicting data on tumor size have been reported: Perez Rivas et al. reported that tumors in female patients with USP8 somatic mutations were larger than those in the nonmutant group or in male patients with USP8 defects, whereas Ma et al. and Hayashi et al. found that pituitary tumors were smaller in patients with USP8 mutations (14, 15, 19) . In our population the size of the tumor in the two groups was similar; however, the available samples were usually from larger tumors, because those had sufficient material to be processed for research, which may have biased our results.
Physiologically, the USP8 protein is a deubiquitinase involved in the ubiquitination pathway of EGFR degradation, resulting in its "rescue" from ubiquitination (13, 20, 21) . The inhibition of USP8 action is usually mediated by binding to 14-3-3 proteins after phosphorylation of the amino acid serine 718 (Ser718) (22, 23) .
All identified somatic mutations in our population are located in exon 14, at amino acids 718 to 723, which are highly conserved across species. They result in loss of 14-3-3 protein binding and catalytic cleavage of a 40-kDa fragment of the protein, leading to elevated deubiquitinase activity, "rescue" of EGFR from degradation, and elevated intracellular levels of EGFR (19, 24) . EGFR has been shown in the past to induce POMC expression, with mediation of Erk1/2 (25) . Thus the high levels of EGFR, along with a possible independent effect of the mutated USP8 protein, result in increased POMC promoter activation and ACTH production by the corticotroph cells (12, 14, 15) .
The identification of a common molecular etiology explaining the pathogenesis of a large number of ACTHproducing pituitary adenomas is of foremost importance, especially because it can provide new treatment targets. The rate of recurrence of CD or failure to cure after the first TSS has been estimated as #25% in the pediatric population, and the probability of impairment of normal pituitary function after repeat surgery increases significantly (6) (7) (8) 26) . In children, where final growth and puberty have not yet occurred, preservation of pituitary function and the possibility of less invasive treatments are critical.
Recently Hayashi et al. reported that USP8-mutated tumors bear more somatostatin receptors subtype 5, which can be a target for pharmacologic treatment with specific somatostatin analogs such as pasireotide (19) . Additionally, EGFR-targeting agents, including tyrosine kinase inhibitors and monoclonal antibodies, are other promising options (27) . For example, gefitinib, an EGFR tyrosine kinase inhibitor, was shown to decrease the expression of POMC, inhibiting ACTH production and corticotroph tumor cell growth in canine and mouse cells (25) . However, studies of this medication in humans have not produced consistently good outcomes when tested on other tumors (28) . A clinical trial is being conducted by (29) . A limitation of this study is its small sample size. However, our goal was to elucidate the genetics of pediatric CD, which is a rare condition, and to our knowledge, our cohort is the largest of its kind, with patients of exclusively pediatric age who have been screened for USP8 mutations. Another limitation is a possible bias in the selection of the patients included in the study: Because we had to include only patients with both blood and tumor tissue available, we excluded 97 patients for whom tumor DNA was missing who in these last few years have also presented with CD and were treated with TSS at the NIH. Thus, the patients we finally included in this study may represent those who had larger tumors at detection (although by imaging there was no difference, as presented in our results). These patients may have had a more aggressive tumors to begin with, and the detection of the USP8 defect in them may be a coincidence rather than causative. In addition, "contamination" with normal cells is a big problem whenever one looks for a somatic mutation in a small specimen; although we took great care to detect such admixture, it is possible that we missed the presence of the mutation in patients with smaller tumors, making those with more aggressive lesions appear more frequently as USP8-mutation bearing. Additional studies are needed to define the effect of a USP8 defect in the biologic behavior of an ACTH-producing tumor in both children and adults.
Conclusion
In almost one-third (31%) of tumors from patients with pediatric CD, we identified somatic USP8 gene mutations. All defects were present at the hotspot location of exon 14 of the gene; mutations there appear to cause decreased EGFR degradation, which in turn leads to increased POMC expression and ACTH production. Pediatric patients with USP8 mutations had more severe overall disease, with more failures of primary surgical resection and increased rate of recurrences. This study is part of a larger one aiming at defining the genetic causes of CD in children and adults (17, 18) .
